I. INTRODUCTION
T HE MICROWAVE antennas are especially suitable for inducing hyperthermia of deep-seated tumors (e.g. certain brain tumors). They are inserted into medical plastic catheters embedded in target heating area, and the plastic catheters are used to avoid direct contact between antennas and body tissues. Mainly due to less expense, easy operation and short recover time, the use of the interstitial antennas has recently been on a dramatic increase, and many studies on them have been published [1] - [11] . However, none of the resulting design is directly applicable to catheter ablation of the large target (e.g. brain or liver tumors) because of not so desirable energy concentration in the target volume and small effective area for the treatment. Also, since some of interstitial antennas are designed with optimization [3] or not exact design method [5] , antenna matching is poor [7] .
In this paper, three types of interstitial antennas are proposed and designed, so that high energy concentration in the target volume can be produced for as little damage as possible to the healthy surrounding tissue. Almost perfect matching and desirable SAR distribution [12] are considered to reduce damage and two types of capacitive loads are adopted for the purpose. One is tipped at the end of the antennas, which helps almost perfect matching possible. The others are located in the middle at equal intervals and needed for better SAR distribution. To distinguish the two capacitive loads, one at the end is called the end capacitive load (ECL) and the others the middle capacitive load (MCL). Depending on the number of MCLs, zero MCL interstitial antenna (ZMIA), one MCL interstitial antenna (OMIA), and two MCL interstitial antenna (TMIA) are named, and the ZMIA is compared with conventional antennas [1] - [3] , [7] . The compared results show that the ZMIA has excellent performances for the SAR distribution and smaller size.
Most of the conventional interstitial antennas have a sinusoidal current distribution with null at the end points [1] - [8] , [13] - [15] and there are some with no current null at the end points [9] - [11] . However, those with current null are open-circuited at the end point and matches do not appear well in [1] - [8] , [13] , [14] . Those in [9] - [11] are so complicate for the fabrication and have disadvantage in terms of transversal size reduction. On the other hand, those with the ECL have no current null at the end and their input impedances can be arbitrarily changed by the ECL. Therefore, good matches can definitely be obtained. That is considered as one advantage of those with the ECL. Because of the structure of the ECL, relatively large amount of the current is concentrated around it, which induces more electron emission like a delta gap source [14] or frill generator [15] . Therefore, electric power density, directly proportional to SAR, can be concentrated around the ECL. That is another advantage. In addition, the interstitial antennas with the ECL may be realized with smaller size, which will be shown later. That may be regarded as an additional advantage with the ECL.
To design them theoretically, three transmission-line equivalent circuits are derived and a matching technique is also introduced. They base on complex propagation constants and characteristic impedances. These complex constants are derived with an approximated numerical calculation in the vicinity of the insulation [13] but good agreement is ascertained for lager target volume, radial distance greater than 10 mm [14] . Based on the derived transmission-line equivalent circuits, simulations 0018-9294/$20.00 © 2005 IEEE have been carried out, which cannot be obtained from any commercial circuit simulator and the simulation results are in good agreement with the measured results. To verify the technique, the ZMIA, OMIA, and TMIA have been designed, fabricated and measured for muscle phantom, and the measured results of ZMIA, OMIA, and TMIA show 28.4, 21.9, and 22.8 dB, respectively. One of them, 28.4 dB, may be regarded as the best among those reported [6] , [7] .
For the SAR distributions, the three antennas designed for the muscle phantom have been measured and two antennas are compared with each other. The measured SAR distributions show that the TMIA is the best performance as expected. Since the temperatures above 43 can be used for therapeutic purposes [17] , the 43 isothermal line of the TMIA is investigated and the measured region greater than 43 is a rugby ball (major axis 6 cm and minor axis 2.9 cm), which can be applied for a deep seated tumor or cancer.
This paper is organized as follows. The ECL and matching technique are discussed in Section II, design and frequency responses of the ZMIA, OMIA, and TMIA are explained in Section III, Section IV describes SAR distributions of the three antennas, showing the TMIA has the best performance and conclusions are in Section V.
II. ANALYSES
The monopole antennas are generally a quarter-wave long and classified as an image antennas. They, unlike half-wave dipole antennas that are isolated from any conductor, can utilize the reflecting properties of conductor. Due to this property, if the conductors on the antenna are properly arranged, the near field pattern may be changed. Fig. 1 shows three types of interstitial antennas where the ZMIA is described in Fig. 1(a) and the OMIA and TMIA depicted in Fig. 1(b) and (c), respectively. Each basically consists of inner conductor (radius: ), dielectric surrounding layer (relative dielectric constant: ) and outer conductor (radius: ). Its inner conductor is extended to approximately (Region 1) where is an effective wavelength and tipped with an ECL as displayed in Fig. 1 , making a monopole antenna. The monopole antenna is insulated by a surrounding dielectric layer, its relative dielectric constant (Region 3) with inner and outer radii, and , respectively, and Region 2 is filled with air, all of which are immersed in an infinite ambient medium (Region 4). Between the aperture and ECL, one or two MCLs, just pieces of the same coaxial cable, are placed at equal intervals as shown in Fig. 1(b) and (c).
A. ECL
For transmitting antennas, the delta gap source [15] and frill generator [16] are commonly used as a source modeling. Although such sources do not exist in practice, they do permit surprisingly good calculations to be made. Just like them, the ECL is not a real source but most of the excited current is concentrated like a source. Fig. 2 shows the ends of the antennas where the ECL is explained in Fig. 2(a) , while representative ends of conventional antennas are depicted in Fig. 2 [3] , [7] . Fig. 2(b) is the most popular design with the inner conductor extended, that in Fig. 2 (c) forms a metal tip monopole providing increased electrical contact with tissue [7] and that in Fig. 2(d) is similar to the ECL but the inner conductor is not connected with the outer conductor. As described precisely in Fig. 2(a) , the ECL is composed of a certain length of the coaxial cable and its inner conductor at the end is connected with the outer conductor. The outer conductor at is open-circuited as shown in Fig. 2 (a) where dark parts are all conductors. Therefore, when the power is fed into the antenna, the current will flow along the inner conductor of the ECL, and the opposite charge is at the same time induced on the outer conductor. Since the surface area at , : outer conductor thickness) is much wider than cross-sectional area of the inner conductor , the current at spreads faster on the top plate. The end in Fig. 2 (c) has about same effect, but the ECL has an advantage of smaller size and better SAR distribution over that in Fig. 2 (c), which will be shown later. Depending on the phase of an excited signal, the induced charge on the outer conductor is determined, and Fig. 2(a) shows the case of positive current. Therefore, the approximate electricfield pattern is produced as indicated with arrows. The effect due to the induced charge also appears in Fig. 2(d) . While the current flows on the inner conductor surrounded with dielectric material in Fig. 2(d) , the opposite charge is also induced, and electric fields from the end of the inner conductor to the outer conductor are produced. However, the cross-sectional area of the inner conductor at the end is not so wide compared to that of the ECL that the same effect may not be expected.
That in
Therefore, the ECL can be considered as having both advantages of Fig. 2(c) and (d) with smaller size. Since the SAR is directly proportional to electric energy density [7] , it has been simulated, and the ZMIA is compared with conventional antennas with the ends in Fig. 2(b)-(d) . For the simulations, a semi rigid coaxial cable with inner and outer radii 0.29 mm and 1.4 mm, respectively, and relative dielectric constant (dielectric constant of coaxial cable) is utilized. Crystal glass tube with inner and outer radii, 2.3 mm and 4.2 mm are used as a microwave catheter. The antennas are designed for good matching. The length of the ECL is 2 mm and those of the two others in Fig. 2 (c) and (d) are also 2 mm. They are immersed in air, and air also fills the gap between the antennas and crystal glass tubes. The crystal glass tube and the excited power are the same in each case. How to design them will be discussed later. The four antennas have been simulated by CST (computer simulation technology, 3D electro-magnetic field simulator) Microwave Studio, version 4.2 and the simulated electric energy densities are plotted in Fig. 3 where that of the ZMIA is in Fig. 3(a) , and Fig. 3(b) -(d) are those of conventional ones with the ends in Fig. 2(b)-(d) , respectively. As shown in Fig. 3 , the length of ZMIA is 12.7 mm, those of others are 20.2 mm, 14 mm and 18 mm in Fig. 3(b)-(d) , respectively. The ZMIA may be designed with the shortest length, which is also an advantage of antenna with the ECL. In Fig. 3 , the solid lines express same electric energy density and they are compared in the same scale. The contour in Fig. 3(b) is very similar to that of Fig. 3(d) , but the antenna length of Fig. 3(d) is shorter than that in Fig. 3(b) . The ZMIA is compared with others and the results are plotted in Fig. 4 where the solid lines are the contours of same electric energy density. In Fig. 4(a) , the ZMIA is compared with that with no tip in Fig. 2(b) . In Fig. 4(b) and (c), it is also compared with those with a metal tip and a dielectric tip surrounded with outer conductor in Fig. 2(c) and (d) , respectively. From the simulation results in Fig. 4 , the contour of the ZMIA is largest and its shape is very similar to tumor or cancer configuration. It is also very useful aspect for the hyperthermia application.
B. Antenna Matching
In the case these interstitial antennas are utilized for human body, antenna matching is important for the field concentration and protecting a microwave radiator (source) from damage during operating. When these interstitial antennas in Fig. 1 are placed in dissipative media, they may be treated as sections of lossy transmission lines with generalized propagation constants that reflect the losses due to radiation from the antennas to the ambient medium. The propagation constants of the dielectric layers in the Regions 2, 3, and 4 in Fig. 1 are , and , , respectively where and are assumed to be real and dielectric constants for Regions 2 and 3, respectively, and complex since the dielectrics actually used in the Regions 2 and 3 are highly nonconducting, while that of the ambient medium of the Region 4 conducting. Fig. 5 shows the equivalent circuits of the ZMIA, OMIA, and TMIA when they are immersed in the lossy medium. The ZMIA is depicted in Fig. 5(a) , the OMIA and TMIA in Fig. 5(b) and (c), respectively where the antenna lengths are , , and for the ZMIA, OMIA, and TMIA, respectively. The input impedances at are , , and for the ZMIA, OMIA, and TMIA, respectively, and that of the ECL . For a dielectric with two layers, the propagation constant and its characteristic impedance [13] are derived as
The and are valid only when the propagation constant of the ambient medium is large compared to that of insulating sheath and the cross section of the antenna is electrically small [13] . That is (2) The and are dependent on the radius and they are and in the case of the ZMIA as shown in Fig. 5 . Therefore, the input impedance is calculated using a simple transmission line theory and expressed by (3) In the equivalent circuit of the OMIA in Fig. 5(b) , the inductance appears. It is mainly due to charge movement from the ECL to the aperture. Therefore, the outer conductor of the MCL at to helps electric field around the center of the OMIA more concentrated and it plays role of a kind of bridge connected between the ECL and aperture. In the TMIA in Fig. 1(c) and (5c), since two MCLs are located between the aperture and ECL, it will be shown later that more field concentration is expected than in OMIA. The and of the transmission line at to in Fig. 5(b) are and , respectively. So, the input impedance at is expressed by (4) where is due to the inductance and very small value of 0.2. The propagation constant and characteristic impedance of the transmission line located at to in OMIA must be different from and of ZMIA in Fig. 5(a) . The and in (1) are dependent on the radius and if let the effective radius of OMIA at to , the input impedance at is given by (5) The is composed of and , and finally results in (6) As expressed in (3)-(6), each input impedance consists of a characteristic impedance , a propagation constant , a length of transmission-line section and a termination load impedance . If a function expressing the input impedance is defined as , the input impedance of interstitial antennas with arbitrary number of MCLs may be derived in sequence as follows: (7) where is the number of MCL, is an input impedance at , and at 2.45 GHz.
III. DESIGN AND FREQUENCY RESPONSES
For the design of the antennas, the input impedance of the ECL is needed. Fig. 6 shows calculated input impedances of the ECL depending on the length of where in Fig. 2(a) . The is varied from 0 mm to 2 mm as shown in Fig. 6 . For the calculation of the input impedance of ECL, a prototype of ZMIA with 17 mm is fabricated and measured. The inner and outer radii of the coaxial cable are , , respectively, and its relative dielectric constant . Those of the crystal glass tube are , , respectively and . For the measurement, the ZMIA in Fig. 1(a) is immersed in a muscle phantom (complex relative dielectric constant ). In this case, the measured return loss at 2.45 GHz is 12.27 dB and the input impedance of may be calculated using . With , in (1), the can be calculated using (3) . The values of are those with mm in Fig. 6 . Therefore, those with are calculated with and in (1) and the two graphs in Fig. 6 are obtained with Mathematica (a commercial program). The resistances are plotted in Fig. 6(a) , whereas the reactances in Fig. 6(b) . Based on the , three antennas, ZMIA, OMIA, and TMIA with the same dimensions for Fig. 6 have been designed and fabricated.
In the case, the propagation constants of the three materials and the equivalent single-layer dielectric at 2.54 GHz are , , and from (1). With , , and , the condition (2) is well satisfied and their corresponding propagation constant and characteristic impedance of the transmission line of the ZMIA are and . All the data needed for the design are written in Table I where and are effective propagation constant and characteristic impedance, respectively and expressed as darker meshed transmission line sections of the OMIA and TMIA in Fig. 5 . How to find out them will be explained later. When the length of ECL , the input impedance of the ECL is obtained as from Fig. 6 , and the is the function of with the given values of , and . With one given, the length of ZMIA may be solved as the solution of (3), or
. For the determination of in Fig. 5(b) , and are unknown variables in (4)-(6), which must ultimately be solved for the in (6) . Varying the and at the same time in (6), the minimum reflection coefficient may be found out. The and are calculated as 151.8 um and 18.8 mm, respectively with the minimum value of the reflection coefficient. Based on the known value of , can also be obtained for in (7). The three antennas have been fabricated with the calculated lengths. Their photo is displayed without the crystal glass tube for the better understanding in Fig. 7 where the ZMIA is shown in Fig. 7(a) , whereas the OMIA and TMIA in Fig. 7(b) and (c), respectively. Since , , , and are dependent on frequencies, the frequency responses have been calculated on the basis of (1)- (7) and the calculated results are compared with measured ones in Fig. 8 . For the measurements, a muscle phantom is used and the inserted sleeve length in Fig. 5 is about 4 cm. As far as a good matching appears, the is of no importance in terms of matching problem, but the guided wave length from the antenna aperture to a connector, e.g. SMA connector must be multiple of where is a guided wave length and with even multiple of guided wave length, the better.
The measured results are also compared in Table II . The measured bandwidths where reflection coefficients are less than 15 dB are in ZMIA, in OMIA, and in TMIA and the measured reflected coefficients of the ZMIA, OMIA, and TMIA at 2.45 GHz are 28.4, 21.9, and 22.8 dB, respectively. The calculated reflection coefficients show perfect performances, 44.5 to 30 dB at 2.45 GHz. The complex relative dielectric constant of the ambient medium is generally frequency Fig. 5 . That may be one of reasons of the deviations between measured and calculated ones. Except that point, the measured matching properties at 2.45 GHz agree well with the calculated ones, and 28.4 dB seems to be the best among this type of conventional interstitial antennas [6] , [7] . The two antennas, ZMIA and OMIA are resonant at the 2.45 GHz but the resonant frequency in the TMIA occurs at 2.415 GHz.
IV. SAR DISTRIBUTION AND MEASUREMENTS
One of the main objectives of applying microwaves for cancer or tumor treatment is to develop possibilities of delivering heat to deep-seated tumors without overheating the surrounding healthy tissue. For this purpose, high power generators and good matched antennas are especially necessary for energy concentration and desirable SAR distributions. Fig. 9 shows a microwave power generator which consists of a 2.45-GHz oscillator, a programmable attenuator, a linear power amplifier, an isolator and a bi-directional coupler. The power generated at 2.45 GHz by the oscillator is modulated by the programmable attenuator and amplified by the linear amplifier. Since the power amplifiers are generally designed for the maximum output power with a power matching technique, the output matching is not always desirable. Thus, an isolator is needed. The output power through the isolator needs to be examined whether it is available for the excitation to the antennas. For the purpose, the bi-directional coupler is adopted, by which the forward and reflected powers referenced to the output power of the linear amplifier are detected and displayed on the monitor. From the linear power amplifier, the forward and reflected powers are monitored, and the monitored data reflects the programming attenuator which controls the level of the input of the linear power amplifier, and if the temperature of the linear power amp is high, a cooling system operates. When the reflected power detected from the bi-directional coupler exceeds more than a right level, a tuner, by which it can automatically be reduced, was needed for the conventional coaxial type of interstitial antennas. However, the tuner is not necessary for the three antennas, ZMIA, OMIA, and TMIA with the reflection coefficients less than 21 dB, which brings advantages of saving size and cost.
For measuring SAR distributions, four thermometer fiber optic sensors are attached at four different points on the antennas, and if any of four reaches at 100 , the power supplied by the generator is automatically stopped. Fig. 10 shows the The distance between two antennas is 5 cm. Since the power delivered to the antenna is not same whenever measured, two-by-two are compared and the power applied to each one is from a power divider connected with the bi-directional coupler. In Fig. 10 , the dotted lines are 43 isothermal lines. Fig. 10(a) shows that the diameter of a circle satisfied with a 43 isothermal line is 30 mm and the compared data in Fig. 10(b) -(d) are written in Table III where is maximum diameter of a circle which a 43 isothermal line meets and is maximum distance of z-axis cut by it. In Fig. 10(b) , the TMIA is compared with the OMIA. The of the TMIA is 59.7 mm and That of OMIA 63.3 mm. The of the TMIA is 28.74 mm and That of OMIA 25.59 mm. If the is shorter, the better and if the is longer, the better, because of the characteristics of the tumor or cancer tissue. Thus, the TMIA has better properties in Fig. 10(b) . In the same principle, the OMIA is better than the ZMIA in Fig. 10(c) , and the TMIA better than the ZMIA in Fig. 10(d) , which results in that the TMIA has the best performances in SAR distribution as expected before.
V. CONCLUSION
In this paper, three new interstitial antennas are proposed. They mainly consist of a coaxial cable, ECL, and MCLs. The ECL is useful for good impedance matching, smaller size and energy concentration around the antennas and the MCL for determining the SAR distributions more desirable. Depending on the number of the capacitive loads, the ZMIA, OMIA, and TMIA have been named and a matching technique is suggested, so that they can be designed exactly. The measured reflection coefficients of the ZMIA, OMIA, and TMIA are less than 21 dB at 2.45 GHz, and 28.4 dB of ZMIA may be regarded as the best among those reported. The three antennas designed have been tested for the SAR distributions, and the TMIA shows the best performance as expected. If a good combination between number and place of the capacitive loads is made, the more desirable SAR distribution pattern may be obtained. From the measured SAR distribution of the TMIA, the region greater than 43 forms a rugby ball shape (major axis 6 cm and minor axis 2.87 cm), by which a deep seated and large-sized tumor can be treated with only one antenna. Using the matching technique suggested and the input impedance of the ECL, any transversal size of the interstitial antennas can be designed for big-sized and deep-seated tumor to reduce damage to healthy surrounding tissue.
